This study focused on the performance of commercial AlGaN/InGaN/GaN blue light emitting diodes ͑LEDs͒ under high current pulse conditions. The results of deep level transient spectroscopy ͑DLTS͒, thermally stimulated capacitance, and admittance spectroscopy measurements performed on stressed devices, showed no evidence of any deep-level defects that may have developed as a result of high current pulses. Physical analysis of stressed LEDs indicated a strong connection between the high intrinsic defect density in these devices and the resulting mode of degradation. © 1996 American Institute of Physics. ͓S0003-6951͑96͒04933-9͔
Until very recently, efforts to develop short-wavelength visible light sources concentrated on either II-VI materials, or second harmonic frequency doubling of GaAs/AlGaAs lasers. The situation has changed dramatically following the commercial introduction by Nichia Chemical Industries of high-brightness blue light emitting diodes ͑LEDs͒ based on gallium nitride and related compounds. [1] [2] [3] These materials combine a wide, direct band gap with refractory properties and high physical strength. By controlling the active region composition, group-III nitrides can emit light from deep UV to orange. A major problem encountered in epitaxial growth of group-III nitrides is the lack of suitable substrates that would match the nitrides in lattice constant and in thermal expansion coefficient. The large lattice mismatch between GaN and sapphire, used as a substrate in Nichia blue LEDs, [4] [5] [6] [7] [8] [9] [10] [11] [12] raises concern about the possible negative impact of defects on device lifetime.
The impetus for this letter were failures that occurred while output spectrum measurements were being made on Nichia blue LEDs under high current conditions. The absolute maximum ratings ͑as stated in the data sheet͒ for forward current are 30 mA for continuous wave ͑cw͒ and 100 mA for pulsed conditions. Figure 1 shows the output spectra under pulsed conditions ͑100 ns rectangular pulses at 1 kHz repetition rate͒ with amplitudes ranging from 40 to 1540 mA. The band-edge emission around 380 nm increases at a faster rate than the impurity-related transitions around 460 nm, and becomes dominant at very large current densities, while the impurity-related emission appears to saturate. As a result of the high pulsed current measurements, several of the LEDs showed a degradation in I -V characteristics and some showed a low resistance Ohmic short ͑40-800 ⍀͒. The shorts were interesting in that they could be removed by applying a modest ͑ϳ5 V͒ reverse bias and recreated by applying a pulsed forward current.
While the LED was in the shorted state, light output under cw conditions was not possible. The shorted LED would still, however, emit light under pulsed conditions. After a reverse bias was applied to remove the short, cw operation was once again possible. The effects of the stress were not completely removable, i.e., the LED could be placed in a shorted state or in a degraded state, not back into its original, unstressed state. The degraded state, not the shorted state, was used for deep level transient spectroscopy ͑DLTS͒ and admittance spectroscopy measurements. Figure 2 shows the forward I -V and resistance ͑forward voltage divided by forward current͒ characteristics of both unstressed and stressed devices. The I -V curves show a small difference, mostly a stress-induced increase in conductivity at voltages below the threshold voltage ͑ϳ2.8 V͒. The resistance curves support this observation by showing a fairly constant ͑Ohmic͒ resistance of about 10 k⍀ for the degraded device versus several orders of magnitude greater resistance for the unstressed device.
DLTS was used to compare stressed samples with unstressed control samples to see if the degradation was due to vacancies, interstitials, impurity atoms, etc. Figure 3 compares the DLTS spectrum from a stressed sample to an unstressed one and shows that for the scanned temperature range (TϾ80 K͒, there were no distinguishable peaks for either sample. The data suggest that there is a peak at temperatures less than 80 K. The data show that the lowtemperature peak would be indicative of the presence of shallow impurities rather than deep levels. The similarity between the stressed and unstressed samples suggests that the a͒ Electronic mail: osinski@chtm.unm. edu  FIG. 1 . Output spectra at various pulsed currents.
stress did not cause a significant change in any impurity level, especially deep level impurities. In contrast to recent reports on deep-level defects observed in n-type GaN, 13, 14 our DLTS results show only an unresolved low temperature peak associated with minority carrier traps in Nichia material.
Admittance spectroscopy was done to determine if there was a detectable concentration deep levels and, if so, what the activation levels of those levels were. The measurements were made at several different frequencies and temperatures using the same temperature control equipment as was used for the DLTS measurements. From these data, an Arrhenius plot was made whose slope gives the activation energy ⌬E ϭE T ϪE V , where E T is the energy level of the trap and E V is the valence band energy. Figure 4 shows the Arrhenius plots for both the stressed and unstressed LEDs. From this figure, activation energies of 77 meV for the unstressed LED and 91 meV for the stressed LED are obtained. These results again indicate that no deep levels were detected, only shallow ones. The difference in activation energies is insignificant as it is within the standard deviation of the measurement on this system. These activation energies most likely correspond to the low-temperature DLTS peak from Fig. 3 and are virtually unaffected by electrical stress.
Electron beam induced current ͑EBIC͒ imaging was used to identify the location of the low resistance path across the LED. EBIC images of the defect region were taken at a reduced primary beam energy of 7 keV where no signal was collected from the junction but a signal was collected from the defect area. At higher energies ͑starting at around 10 keV͒, a signal was collected from the junction as well as from the site of the short. This information indicates that at the short, a conductive path extends from the surface ͑the p-contact metal͒ to the n-type side of the junction. Without this path, the EBIC signal would not be visible at energies where the electron beam-sample interaction volume did not penetrate to within a diffusion length of the junction. Thus, this image shows that the high forward current applied to this device has caused metal from the p contact to migrate across the junction. Figure 5 shows a secondary image of an area identified using EBIC. The image clearly shows that the p-contact metal has been damaged in a manner which is consistent with metal migration into the GaN under electrical stimulation.
To understand and quantify the defect density present in these devices, a cross-section transmission electron microscope ͑TEM͒ sample was prepared with a focused ion beam ͑FIB͒ system. Figure 6 shows a TEM image of the defects threading through the GaN material. From this TEM analysis, we were able to calculate a defect density of 2.2ϫ10 9 cm
Ϫ2
. The presence of the defect structure and the relatively high density of defects agrees with published data 15, 16 and with similar defect estimates based on inspection of the n-contact GaN material. Even higher dislocation densities (Ͼ10 10 cm
) were observed 17 in other samples of Nichia LEDs. Figure 7 shows a SEM micrograph of hexagonal shaped pits on the GaN n-contact area with a defect density of ϳ3ϫ10 8 cm
. Although direct evidence which would connect the site at which the LED shorted to the defects in the crystal is difficult to obtain, areas with high crystal defect concentra- tions are weaker regions of the crystal which will be more prone to breakdown under high electrical stress. It would be more conclusive if a region which had already broken down could be imaged with the TEM to show the path taken by the metal or if a LD could be imaged in cross section before and after being exposed to a high current stress. In the former case, it would not be known whether the high current stress created the path along which the short was created of if the path already existed. In the latter case, the crystal defects could be imaged before exposing the LED to a high current stress test and if a short occurred during this test, the path that the metal followed to create the short could be compared to the the prestress defect pattern. This case is also not practical as it is currently very difficult to create a TEM section and maintain full electrical connection to the LED.
In conclusion, we have identified the metal migration along defect tubes as the main process responsible for degradation of Nichia blue LEDs under high electrical stress conditions. This degradation mechanism raises concern for prospects for reliable lasers in the group-III nitrides grown on sapphire. The recently announced InGaN/GaN purpleblue diode lasers 18 require very high current densities, at least 4 kA/cm 2 , which may in turn cause the same type of metal migration as has been observed in this study. In order to prevent the latter from occurring, it is essential to design the lasers to operate at low voltages.
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